Uptake and loss kinetics of Zn, Ag, Cd, '=CS, and 241Am by the echinoid Paracentrotus lividus contaminated through either water or food were determined in controlled laboratory radiotracer experiments using low contaminant concentrations. The echinoid efficiently accumulated most of the elements from water. The only exception was '"CS (concentration factor at steady state = 2.71. With respect to relative metal bioavailability, concentrations in the different body compartments of P lividus were generally ranked in the order: digestive wall > gonads 2 body wall >Aristotle's lantern > coelomlc fluid. However, for2''~rn, body wall uptake was as efficient as that of the digestive wall. The loss kinetics for Zn, Ag, and 1 3 4~s were described by a 2-component model whereas loss of Cd and '"'Am was linear during the time course of the experiment. Loss of the different elements was relatively slow, except for 134Cs, whose long-lived loss component was characterized by a biological half-life of 6 d. Loss of the different elements ingested wlth food was described by a single-component model for Cd, '34Cs, and &;'.Am and by a 2-component model for Zn and Ag. Parameters of the kinetics ~n d~c a t e that all (for Cd, I3Ts, and 'j1.4m) or most (for Zn and Ag) of the ingested amount of element is readily lost from the organism with the faeces. However, estimation of the assimilated fraction of elements ingested by the echlnoids suggests that food could contr~bute significantly to the total body burden of Ag in f? lividus.
INTRODUCTION
The usefulness monitoring heavy environment has of biological indicator organisms in metal contamination in the marine been supported by numerous studies (e.g. Haug et al. 1974 , Phillips 1976 , Bayne et al. 1988 , Stebbing et al. 1992 ). Among the organisms that fulfil1 the criteria of biomonitor species (sensu Phillips 1976 Phillips , 1990 , mussels are those that are certainly most commonly used (see e . g . Fowler & Oregioni 1976 , Phillips 1976 , Borchardt et al. 1989 nor et al. 1994) . However, an effective characterization of the contamination status of a n ecosystem must rely on the use of several of these biomonitor species (Bryan 1984 , Gray 1989 In addition, since mussels are not present in all ecosystems, there is a continuous need for developing the applicability of other monitor species.
The echinoid Paracentrotus lividus lives in numerous ecosystems from rocky shores to seagrass beds all around the Mediterranean and along the northeast Atlantic coasts (Hayward & Ryland 1990) . It is a key species in several of these communities, including those where the usual biomonitors (e.g. mussels) do not occur, such as in the Posidonia oceanica meadows which hold a central position in the ecology of the Mediterranean (Ott 1980 , Bay 1984 . In addition, P lividus is an abundant and sedentary species and is easily collected by hand or SCUBA diving; thus, it shares the general ecological requirements of a valuable candidate for biomonitoring use.
Several field surveys have investigated metal concentrations in Paracentrotus lividus. These studies have shown that this echinoid species effectively concentrates metals, and suggest that k? lividus could constitute a valuable biomonitor species of metal contamination in its environment (e.g. Sheppard & Bellamy 1974 , Papadopoulou et al. 1976 , Augier et al. 1989 , Catsiki et al. 1994 , Warnau et al. 1995a . However, present information is limited mainly to contaminant levels, while little is known about the kinetics of metal fluxes through P lividus, as is the case for echinoderms in general (Guary 1980 , Miramand et al. 1982 , Nakamura et al. 1986 .
For one metal, i.e. cadmium, it has been shown that metal bioconcentration in I;: lividus is dose-dependent (Warnau et al.
1 9 9 5~. in press).
The primary objective of the present work was to investigate the biokinetics of metal and radionuclide uptake and loss by Paracentrotus lividus in order to further assess its value as a sentinel organism for identifying and monitoring metal pollution. Contamination through both sea water and food were studied. Three heavy metals (1 essential, Zn, and 2 non-essential, Cd and Ag) and 2 anthropogenic radionuclides ('34Cs and 241Am) of environmental concern were selected for study. Biokinetics were studied using multi-element exposures with carrier-free or high specific activity radiotracers in order to measure element fluxes at realistic contaminant concentrations (Nakamura et al. 1986 , Fisher et al. 1991 , Nolan & Dahlgaard 1991 , Hutchins et al. 1996 .
MATERIALS AND METHODS
Sampling. The echinoid Paracentrotus lividus (Lamarck, 1816) and the phanerogam Posidonia oceanica (L.) Delile (i.e. the echinoids' main food source in the seagrass meadows; Nedelec & Verlaque 1984) were collected in June and July 1994 by SCUBA divers between 5 and 10 m depth in a Posidonia oceanica meadow off 'La Pointe des Douaniers', Cap d'Ail, France. Prior to experimentation, both species were acclimated to laboratory conditions for 1 wk (constantly aerated closed circuit aquaria, salinity 38%.
16.5 + 0.5"C, 12 h light:12 h dark cycle).
Radiotracers and counting method. The radiotracers "Zn (Tl12 = 243.9 d; carrier free), "OmAg (Tll2 = 249.8 d), 'OgCd (TII2 = 462.6 d; carrier free), '34Cs (TII2 = 2.066 yr), and 2 4 1~m (TIl2 = 432.7 yr) were purchased from Amersham, UK. Stock solutions of 6 5~n , '09Cd, and '34Cs were prepared in 0.1 M HCl, those of "OmAg and 2 "~m were maintained in 0.1 M HN03. Radioactivities were determined using a high-resolution y-spectrometry system consisting of a coaxial Germanium N type detector Intertechnique) connected to a multichannel analyser and a personal computer employing spectral analysis software (Intergamma, Intertechnique). The radioactivities of the samples were determined by comparison with known standards of appropriate geometry and were corrected for background and physical decay of the radiotracers.
Experimental procedures. Contamination of Paracentrotus lividus through sea water: Fourteen echinoids (ambital diameter mean + SD: 47 ? 3 mm) were placed for 28 d in a polyvinylchloride aquarium containing 20 1 natural sea water spiked with: 65Zn, 0.38 kBq 1-l; "OrnAg, 0.20 kBq 1-l; Io9Cd, 0.90 kBq 1-'; I3"s, 0.57 kBq 1-l; and ' 4 1~m , 0.28 kBq 1-l. In terms of metal additions, these activities correspond to 1.2 pg Zn, 8.5 ng Ag, 9 pg Cd, 1.3 ng CS, and 2.2 ng Am added 1-' sea water. Except for 2 4 1~m , which has no stable element, additions of metal were approximately 1 to 5 orders of magnitude lower than concentrations commonly reported for natural sea water (Bruland 1983 , Bryan 1984 , Clark 1986 ). The sea water was changed and the radiotracers were renewed daily for 10 d and thereafter every second day. Radioactivities in the water were checked daily and before and after each seawater renewal in order to determine the time-integrated radiotracer activities (i.e. mean values of all measurements performed over the time period considered). The decreases in radioactivities in sea water between 2 successive seawater renewals differed with the radiotracer; mean decreases (+ SD) were 21 * 11 % for 65Zn, 31 + 10% for 'lomAg, 9 + 8% for logCd, 4 + 3% for '34Cs, and 22 + l 2 % for 2 4 1~m .
For the entire experimental time course, the time-integrated radiotracer activities were: 65Zn, 0.32 kBq l-'; "OmAg, 0.13 kBq 1-'; 'OgCd, 0.84 kBq I-'; '34Cs, 0.56 kBq 1-l; and 2 4 '~m , 0.22 kBq 1-'.
The echinoids were fed twice a week on leaves of Posidonia oceanica. Food was supplied in the evening (echinoids feed mainly during the night; Dance 1987, authors' pers. obs.) ; the next morning, the uningested food was removed from the aquarium. At different times, 6 echinoids were y-counted to determine the radiotracer uptake kinetics. At the end of the 28 d exposure period, 4 echinoids were dissected. The body wall, Aristotle's lantern, digestive wall (after removal of the gut contents), gonads, and coelomic fluid were separated, weighed (wet wt), and their radiotracer contents counted.
The 10 remaining individuals were then placed for 18 d in clean flowing sea water (open circuit, with flux: 20 1 h-', constantly aerated, salinity 38x0, 16.5 2 O.S°C). At different times, 3 echinoids were y-counted in order to follow the radiotracer loss. After 7, 14, and 18 d of depuration, 3 individuals were dissected to determine the distribution of radiotracer among the different body compartments.
Counting times were adapted to obtain counting rates with relative propagated errors less than 5'%. Those times were 15 min for radioanalyses of whole echinoids and sea water, and ranged from 10 min to 4 h for the dissected body compartments.
Contamination o f Paracentrotus lividus through the food: Eight Posidonia oceanica shoots were exposed for 13 d in a polyvinylchloride aquarium containing 4 l natural sea water spiked with: 65Zn, 0 81 kBq 1-'; "'"'A~, 0.40 kBq I-'; 'OYCd, 1.46 kBq I-'; '34Cs, 1.15 kBq I-'; and 2 4 '~m , 0.48 kBq I-'. The sea water was changed, the radiotracers were renewed, and the water radioactivities were checked daily. After 13 d , the 8 shoots were y-counted. All P oceanica leaves used in the experiments bore epiphytes.
A 30 1 polyvinylchloride aquarium (open circuit, with flux: 20 1 h-', constantly aerated, salinity 38%0, 16.5 + 0.5OC) was divided into 2 sections (Section 1: 25 1; Section 2: 5 1) with a 2 mm mesh polyethylene net which allowed sea water to flow through both parts. A group of 16 echinoids (placed in Section 1) was allowed to feed overnight ( l 2 h feeding) on the Posldonia oceanica leaves that were previously radiolabelled.
Simultaneously, a group of 4 echinoids (ambital diameter. 48 _+ 3 mm) was placed in Section 2 and fed uncontaminated leaves in order to serve as a control for possible contamination directly from sea water due to radiotracer leaching from the contaminated food and/or faeces. At the end of the feeding period, each echinoid exposed to contaminated food was y-counted. Only individuals showing a detectable radioactivity (i.e. those that had effectively ingested contaminated leaves) were kept in Section 1 of the aquarium (i.e. n = 5; ambital diameter: 47 + 4 mm). From this time onwards, all echinoids from both sections were fed ad libitum on uncontaminated leaves. Faeces were removed twice a day. At different times, the 5 echinoids contaminated via the food chain were y-counted in order to follow radiotracer loss kinetics. The possible radioactivities occurring in the control echinoids were checked at different times. After 8 d, all individuals were dissected to determine the distribution of radiotracer contents among the different body compartments.
Counting times were adapted to obtain counting rates with relative propagated errors lower than 5 %,. This counting precision however could not always be reached (even after 24 h of counting) due to very low activity of some radiotracers at the end of the experi-ment. Counting times ranged from 15 min to 3 h for whole echinoid, sea water, and seagrass leaf radioanalyses and from 2 to 24 h for the dissected body compartments.
Data analyses. Uptake of the 5 radiotracers from sea water was expressed as change in concentration factors (CF = Bq g-' wet organism divided by the timeintegrated Bq g-' sea water) over time. Radiotracer uptake kinetics in whole echinoids were described using a single-component first-order kinetic model
where CF, and CF,,,,,, are concentration factors at time t (d) and a t steady state, respectively, and k is the rate Kuroshima et al. 1993 , Brown et al. 1995 . If the observed kinetics did not tend to reach a steady state during the exposure time course, they were fitted by a simple linear regression model where k is the regression slope (i.e. rate of increase in CF, d-l). Linearity of the uptake kinetics expressed as CF was tested by a linearity test (l-way ANOVA) for regression with replication (Zar 1984) .
Losses of the radiotracers were expressed in terms of percentage of remaining radioactivity, i.e. radioactivity at time t divided by initial radioactivity measured in the organisms at the beginning of the decontamination period. The percentages of remaining activity were plotted versus time. If radiotracer losses displayed a linear form, the kinetics were described by a simple linear model where A, and A" are remaining activities ( % ) at time t (d) and 0, respectively, and h is the depuration rate (% remaining activity d-', i.e. regression slope). Linearity was systematically tested by a linearity test for regression with replication (Zar 1984) . If radiotracer losses displayed an exponential shape, the kinetics were described either by a single-component exponential model where h is the biological depuration rate constant (d-l) and allows the calculation of the radiotracer biological half-life (T1,1,2 = In2/)L), or by a 2-component exponential model where the 'S' subscript refers to a short-lived component (S component) while the '1' subscript refers to a long-lived component (1 component) (Hubbell et al. 1965 , Reichle 1967 , Reichle e t al. 1970 , Whicker & Schultz 1982 ). The exponential model showing the is an estimate of the fraction of radioactivity assimibest fitting accuracy (decision based on calculation of lated from food (Reichle 1967 , Fowler & Guary 1977 , the coefficients of dertermination, R2, and examination Miramand et al. 1982) . A biological half-life may be of the residuals) was then selected. calculated for both short-and long-lived components Considering the 2-component exponential model, (TblIls a n d Tb1,21) using the corresponding depuration the short-lived component is a model for the loss of the rate constants (h, or ?L,, respectively) (Hubbell et al. proportion of radiotracer pool that is weakly associated 1965, Reichle 1967 , Reichle et al. 1970 with the organism. while the long-lived component is a Schultz 1982). model of the loss of the fraction of the radiotracer pool Constants of the different models (both uptake and that is tightly bound in the organism. In particular, in loss models) and their statistics were estimated by iterthe case of radiotracer loss following uptake through ative adjustment of the models and Hessian matnx the food, the long-lived component would be a model computation, respectively, using the nonlinear curveof the loss of the radiotracer pool fraction that is actu-fitting routines in the Systat 5. the log-likelihood ratio test) for 2 x k con-120tingency tables (Zar 1984 The whole-body uptake of each radiotracer by Paracentrotus lividus displayed Time (d) T~m e (d) saturation kinetics except for "'"A 9 (Fig. 1) radiotracers are ranked as follows. "zn = Uptake from sea water of 65Zn, 2 4 1~m > Io9Cd > '"Cs (Table l) . l l o m~ g, IWCd, 1 3 4 C~, and 2 4 '~m In the case of ''Orn~g, the uptake kinetin whole echinoids (mean concentration factor * SD, = 6,. ics were most accurately described by a Parameters of the eauatjons f,t. linear model over the experimental time ting the data are given in Table 1 considered (Fig. lB, Table 1 ). For indica- Table 1 Paracentrotus 11vldus. Parameters and statist~cs of the equations describing the uptake kinetics of ILiZn, " " "~g , ""'Cd, 1:t4cs, 2.11 Am in whole echinoids exposed to the radiotracers in sea water L (linear uptake model): CF, = k l ; N (nonlinear uptake model): CF, = CF,,,,,,,I(le-'I); CF,. CF,,,;,,,: concentration factors at time t (d) and at steady state, respectively; k: rate constant (d '); ASE: asymptotic standard error; R' : determination coeffic~ent; p: probability of the model adjustment Radiotracer CF in the different body compartments of Paracentrotus lividus were calculated after 28 d of exposure ( Table 2 ). The digestive wall concentrated b5Zn, " O r n~g , IUBCd, and 134Cs to the greatest degree (Tukey's test, p 5 0.001), i.e. up to 1 order of magnitude greater than in the body wall and/or the gonads. "'Am was concentrated to a similar degree in the digestive wall and in the body wall (Tukey's test, p = 0.88).
In terms of total radioactivity distribution between the body compartments (taking into account the weighted contribution of each compartment), the body wall always contained the highest proportion of radiotracer (from 50 to 95",), according to the considered element; Table 3 A ) , followed by the digestive wall which contained 3 to 28% of the total radioactivity. After a 28 d exposure, the echinoids were maintained for 18 d in uncontaminated sea water to follow radiotracer loss kinetics. Loss of ""Cd and 241Am was most accurately described by simple linear models (Fig. 2C, E, Table 4 ). Assuming the loss would continue at this rate beyond the experimental time course, complete depuration of accumulated '""Cd and 241Am would occur after 130 and 43 d , respectively. Loss kinetics for the other 3 radiotracers (b"n, 'lO"Ag, and l3%s) were best descr~bed by 2-component exponential models ( Fig. 2A, B , D, Table 4 ). The short-lived loss components were characterized by very short biological half-lives, ranging from 8 to 23 h (Table 4 ) . The long-lived loss components represented a large proportion of the total radioactivity (Aol: from 64 to 91'1.,,) and, except for I3"s, were characterized by an estimated Tbl/ZI of the order of 2 mo (46 to 86 d). In the case of 134Cs, the estimated T b l / Z I was 6.5 d. The distribution of radiotracer activity among the Paracentrotus lividus body compartments was determined after 7 and 14 d of depuration in uncontaminated sea water (Table 3B , C). (Due to mortality of 2 echinoids in the aquarium on Day 17, determination of body distribution of the radiotracers as planned for Day 18 could be carried out for only 1 individual. The data set for this single individual is similar to the distribution reported for Day 14 in Table 3C for 3 individuals.)
Comparison of the radiotracer distributions at the end of the exposure period (Table 3A) with those calculated during the depuration period (Table 3B, C) indicates that the relative tissue distribution of 241Am in echinoids remained constant throughout the experiment (G test, p > 0.50). This suggests that "'Am loss from the different echinoid body compartments occurs at similar rates. The same appears to be generally valid for IogCd, though the distribution of this element at the end of the exposure period is significantly different from its distribution after 14 d of Table 3 . Paracentrotus Iividus. Radiotracer distribution (mean "/o * SD) between the different body compartments of the echinoids exposed to the radiotracers in sea water Table 1 Model A& (ASE) )L, (ASE) Th1,2r AOI (ASE) )cl (ASE) Th1121 RZ P depuration (G test, p = 0.05). However, the significance of this difference is not great and is due to the gonads, whose % of radioactive Io9Cd increased significantly during the depuration period (ANOVA, p = 0.019). This observation suggests that gonads retain cadmium somewhat more efficiently than the other body compartments. For 65Zn, "' "' A g, and 134Cs, the radiotracer distribution among echinoid body compartments calculated at the end of the exposure period is significantly different from the distribution calculated at the end of the depuration period (G test, p < 0.05) ( Table 3 ). The activity of those 3 radiotracers, which was essentially (50 to 80%) contained in the body wall at the end of the exposure period, tends to be distributed more homogeneously between the body wall, the digestive wall, and the gonads following depuration. The statistically significant decrease in % of total radioactivity occurring after depuration in the body wall (for the 3 radiotracers; ANOVA, p I 0.002) and the coelomic fluid (for 134Cs; ANOVA, p = 0.0006) suggests that those compartments would retain the radiotracers less efficiently than the other body compartments. contamination through the food A radiolabelled food was prepared by exposing 8 Posidonia oceanica shoots for 13 d to 6 5~n , "OmAg, logCd, 1 3 4 C~, and 241Am ( Table 5 ) . Echinoids were allowed to ingest this radiolabelled food overnight. They were then y-counted for radiotracer contents (Table 5 ) and maintained in uncontaminated conditions in order to determine the loss kinetics of the elements. Examination of the control group showed that, from Day 3, contamination from sea water contributed from 3 to 11 % to the ""n and "OmAg radioactivities measured in the experimental echinoids. This was apparently due to radiotracer leaching from faeces. The data presented in Fig. 3 have been corrected to eliminate these interferences. For 'Ogcd, 134Cs, and 2 4 '~m , no significant contamination through sea water was detected in the control echinoids.
Loss kinetics of lo9Cd, 1 3 4 C~, and 2 4 '~m followed a single component exponential model and were characterized by quite short Tb1,,2 (1.0 to 1.2 d ) ( Table 6 ). Loss kinetics of 65Zn and "'"'Ag were more accurately described by a 2-component model ( Table 6 ). The short-lived components of loss represented the major fraction (93 and 67 %, respectively) of the total radioactivity in whole echinoids, and were characterized by short Tbl/2s (0.9 and 1 d , respectively). The longlived components of 65Zn and I'Orn~g loss kinetics displayed depuration rate constants (h,) which were virtually equal to zero, thus resulting in infinite Tb1,21 This indicates that 9 % of the 65Zn and 34 % of the 'IomAg activities present given in Table 4   Table 6 . Paracentrotus lividus. Parameters and statistics of the equations describing the loss klnet~cs of ""n, """Ag, ""Cd -, I3'C S, and 2 4 1~m ingested by echinoids during an overnight feeding on Posidonia oceanica leaves. Parameters of the equations fitting the data are glven in Table 6 in the food ingested are irreversibly incorporated in Paracentrot~ls hvidus.
Eight days after Ingestion of the radiolabelled food, the distribution of the remaining radioactivity between the echinoid body compartments was determined (Table 7) . Similar to the whole-body data, the percentages presented in Table 7 have been corrected for interference due to contamination from radiotracer recycling when appropriate. The highest proportions of each radiotracer were retained in the digestive wall (from 47 to 79%) and in the body wall (from 15 to 47 X).
However, the data for 'OgCd, '34Cs, and 2 4 '~m should be viewed with caution, since the activities of those 3 radiotracers were very low at the end of the experiment and, consequently, accuracy in quantifying radioactivity was poor. This is also evident from the high coefficients of variation (from 43 to 200 %) associated with the mean percentages in the different echinoid compartments (Table 7) .
DISCUSSION
The biokinetic experiments were performed using carrier-free radiotracers (Zn, Cd) or tracers of high specific activity (Ag, 134Cs, 241Am) and, except for 2 4 1~m , which has no stable element, the procedure was designed so that contaminant concentrations added to the experimental water were much lower than the concentrations commonly found in the marine environment. Using extremely low added contaminant concentrations allows the Table 7 . Paracentrotus lividus. Radiotracer distribution (mean % * SD, n = 5) between the different body compartments of echinoids fed overnight on radiolabelled food (Posidonia oceanica leaves) and then allowed to ingest uncontaminated food for 8 d assumption that the metabolism of one element in the organism will not be perturbed by the presence of other elements. Consequently, the advantage of this multi-tracer technique is that several elements may be studied simultaneously, presumably without inter-element interference.
In general, the elements were accumulated efficiently from water by Paracentrotus lividus, with CF ranging from 25 to 200 after a 28 d exposure period. The only exception was '"CS which was bioaccumulated with a CF,,,,iI of 2.7. Steady state was reached with ':'4Cs and tended to be reached with Zn, Cd, and 1 4 '~m .
In contrast Ag was linearly accumulated during the time course of the experiment, suggesting that a steady state in uptake would take a very long time to reach under natural conditions. After restoration of uncontaminated conditions, the elements were released following a linear (Cd, 2 4 1~m ) or a 2-component loss model (Zn, Ag, '34Cs) . The whole-body loss of those elements was relatively slow, except for '"CS, which was rapidly lost with an estimated Tr,l/z for the long-lived component of 6.5 d.
Among the body compartments of Paracentrotus Jivjdus, the digestive wall displayed the highest C F for most elements. The only exception was "".4m, which was concentrated to a similar degree by the digestive wall and the body wall. In terms of relative distribution, ca 95% of the total 2 4 '~m activity were associated with the echinoid body wall. This predonlinant distribution of 241Am in the body wall could be due to the particular affinity of the transuranium nuclides for the calcitic endoskeleton which constitutes ca 90% of the echinoid body wall dry weight. Several authors have shown that the major fraction of those radionuclides is always located in the body wall of echinoderms exposed to the contaminant in sea water (Grillo et al. 1981 , Fowler & Carvalho 1985 . Furthermore, Fowler & Carvalho (1985) demonstrated a positlve correldtion between the 241An1 CFin different echinoderm specles and the proportion of calcitic endoskeleton in the body walls of those species.
Following contamination of the echinoids through the food chain, loss kinetics of Cd, I3"s, and 2 4 1~m can be described by a single-component exponential model. Those 3 elements were characterized by a very short turnover time (T,,,, = 1.03 to 1.16 d), suggesting that their loss rate is determined mainly by the gut transit of contaminated food. Indeed, mean gut-residence times in Paracentrotus lividus range between 20 and 60 h; total gut-clearance of ingested material may take about 5 d (Lawrence et al. 1989 ). Hence, Cd, '34Cs, and ' 4 1~m would not be absorbed to any significant extent from food during the gut transit, and would be entirely lost with faeces within a few days after their ingestion with food.
In the case of Zn and Ag, the loss kinetics were best described by a 2-component exponential model. The major fraction of the Zn and Ag ingested (93 and 67 % , respectively) was lost with a short-lived component whose Ti,l,Z5 averaged only 1 d . Most probably, this component represents the large, unassimilated fraction of Zn and Ag which is readily lost through defecation. Examination of the parameters of the long-lived loss component indicates that 9 and 34 '% of the Zn and Ag, respectively, ingested with food may be considered as having been actually assimilated into the tissues of Paracentrotus ljvidus. The assimilated fractions of Zn and Ag were strongly retained by P Ilividus during the time course of the experiment (estimated Tb1,71 = m ) , most particularly in the echinoid digestive wall, which retained respectively 70 and 80% of the total Zn and Ag body burdens. Nevertheless, the depuration experiment was carried out for only 8 d , and extrapolation to longer periods of time would have to be further supported by longer experiments.
In the case of Zn, which is a well-known essential element, the long retention time of the assimilated fraction most probably results from the incorporation of this element into numerous constituents of the cells, since more than 200 Zn enzymes and proteins have been identified in living organisms (Hambidge et al. 1986 ).
The particularly high retention efficiency for Ag might b e explained by the occurrence of a n Ag detoxification process which would consist of the immobilization of Ag in a stable, detoxified form. Such a process is well known to occur in different bivalve species. Indeed, Pectinidae and Ostreidae accumulate high levels of Ag in their soft tissues, an important fraction of which is stored as Ag2S, a very stable compound whose toxicity is therefore limited (see e.g Martoja et al. 1988 , Berthet et al. 1990 . This detoxifled form of Ag is lost very slowly, and it remains sequestered in the basement membranes of most organs of the bivalves for very long periods without any injury (Berthet et al. 1990 (Berthet et al. , 1992 .
Such a detoxification process involving storage of Ag does not appear to have been reported in echinoderms. However, most interestingly, it is well known that c e r t a~n irregular echinoids such as the spatangoids Brissopsis spp. and Echinocardium spp. store large amounts of Fe as stable, granular deposits of ferric phosphate lying within the connective tissue layer of the large intestine (Buchanan et al. 1980) . In Brissopsjs lyrifera, it was demonstrated that Fe accumulates with age, the deposit weight accounting for up to 29'!; of the dry weight of the large intestine tissues (Buchanan et al. 1980) . Similarly, numerous holothuroid species of the family Molpadiidae are known to synthesize amorphous ferric phosphate-rich gran-ules that accumulate within the connective tissues of the dermis (Lotvenstam & Rossman 1975 , Ofer et al. 1981 ) Furthermore, in the particular case of Paracentrotus lividus individuals living near the sewage outlet of Marseille, France, accumulations of extracellular rhombohedral crystals containing mainly Fe, S, and C1 were observed in the connective tissues of the gut and gonads (Delmas 1989 (Delmas , 1990 . Delmas (1989 Delmas ( , 1990 hypothesized that the crystalline deposits of Fe in l? lividus were related to the elevated amounts of iron chloride released in the ambient sea water by the sewage treatment plant (ca 250 kg d-l) emptying into the Marseille outlet.
It is noteworthy that the loss kinetics of Ag were different between echinoids exposed to the metal through the food and those exposed through sea water, with Ag retention being more efficient after food exposure. These differences are probably d u e to the fact that loss &er uptake from food concerned mainly loss from the digestive wall which contained ca 80 % of the total Ag body burden 8 d after food ingestion (see Table 7 ), whereas loss after uptake from sea water concerned mainly loss from the body wall, since this compartment contained 80 to 43% of the total Ag body burden, depending upon the length of the depuration period (see Table 3 ). Indeed, the body wall was found to retain Ag less efficiently than the digestive wall. In addition, the differences noted between Ag loss after food or water exposure could also b e d u e to the influence of the exposure mode on the chemical form of Ag once accumulated in Paracentrotus lividus. It has been shown that pathways of accumulation influence the binding of Ag with intracellular compounds in bivalves. In particular, the fraction of Ag accumulated that is stored as Ag2S is higher in oysters that have accumulated Ag through food (94 %) than from sea water (73 %) (Berthet et al. 1992) .
Thus, the results indicate that, with the exception of Ag, Paracentrotus lividus bioaccumulates the elements considered here predominantly through uptake from sea water. Similar conclusions were previously reported for 241Am, V, a n d Cd bioconcentration in P lividus (Guary 1980 , Miramand et al. 1982 , Warnau et al. 1995c . In the cases of Cd, '34Cs, and 2 4 1~m , the present study even suggests that water constitutes the sole source for metal uptake in P l~vidus.
Nevertheless, even if metal uptake from food is negligible, care should be taken to provide food to the test organisms throughout the duration of experiments testing uptake from water. Food availability affects the activlty of the whole organism and its metabolism (see e.g. Riisgard & Randlav 1981 , Lawrence 1987 ) and, consequently, this might also influence metal uptake from water. This relationship is quite well documented in the mussel Mytilus edulis whose metal accumulation pattern is dominated by uptake from ambient water while uptake from food plays only an ins~gnificant role (e.g. Dahlgaard 1981 , Borchardt 1983 , Nolan & Dahlgaard 1991 . Although Dahlgaard (1981) did not note a feeding effect on the accumulation of different metals in M. edulis, several authors have demonstrated that Cd uptake from sea water is actually correlated with the quantity of food available (e.g. Borchardt 1983 , Riisgird et al. 1987 . Moreover, in conditions of acute contamination, it has been shown that elevated Cd concentration in food can influence Cd uptake from water by l? lividus, even if Cd from food does not contribute significantly to the global uptake of this metal (Warnau et al. 1995c, d) .
The characteristic kinetics of the uptake and loss of the elements tested indicate that Paracentrotus lividus, and more particularly its digestive wall and body wall, would readily reveal an environmental contamination by any one of those elements. In addition, except for '"CS, P lividus could preserve this information over quite a long period (on a time scale of months). Use of this echinoid species as a biomonitor for these metals would thus be particularly relevant, since it constitutes a n integrator of the average levels of contamination in its ambient environment. In the case of Ag, P lividus should be considered as an effective long-term biomonitor (yearly tlme scales), slnce a substantial fraction of the metal ingested with food would be taken up and b e virtually irreversibly bound in the echinoid tissues. For 134Cs, P lividus may also be considered as a potentially valuable biomonitor, however, only over relatively short-term periods, since the corresponding turnover time in the whole echinoid averaged only a few days.
It is generally recognized that the use of a single species in biomonitoring studies is not ideal from an ecological point of view. It is now widely accepted that the design of a biomonitoring programme should use a set of biotic and abiotic tests, i.e. the so-called Test System concept (e.g. Dlnnel et al. 1989 , Gray 1989 , Chapman 1993 . The present work strongly suggests that the use of adult individuals of Paracentrotus livjdus in such programmes would b e a valuable tool.
